U.S. Department of Energy

Lawrence
Livermore
National
Laboratory

N=""

Preprint
UCRL-JC-135357

Etched Silicon Gratings for
NGST

J. Ge, D. Ciarlo, P. Kuzmenko, B. Macintosh, C. Alcock
and K. Cook

This article was submitted to

Next Generation Space telescope Science and Technology
Exposition

Hyannis, MA

September 13-16, 1999

October 28, 1999

Approved for public release; further dissemination unlimited



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United States
Government or the University of California. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or the University of California, and
shall not be used for advertising or product endorsement purposes.

This is a preprint of a paper intended for publication in a journal or proceedings. Since changes may be
made before publication, this preprint is made available with the understanding that it will not be cited
or reproduced without the permission of the author.

This report has been reproduced
directly from the best available copy.

Available to DOE and DOE contractors from the
Office of Scientific and Technical Information
P.O. Box 62, Oak Ridge, TN 37831
Prices available from (423) 576-8401
http://apollo.osti.gov/bridge/

Available to the public from the
National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Rd.,
Springfield, VA 22161
http://www.ntis.gov/

OR
Lawrence Livermore National Laboratory

Technical Information Department’s Digital Library
http://www.lInl.gov/tid/Library.html



Etched Silicon Gratings for NGST

Jian Ge, Dino Ciarlo, Paul Kuzmenko, Bruce Macintosh, Charles Alcock &
Kem Cook

Lawrence Livermore National Laboratory, Livermore, CA 94551
Abstract

We have developed the world’s first etched silicon grisms at LLNL in
September 1999. The high optical surface quality of the grisms allows
diffraction-limited spectral resolution in the IR wavelengths where silicon has
good transmission. We estimated that the scattering light level is less than 4%
at 2.2um. Silicon can significantly increase the dispersive power of
spectroscopic instruments for NGST due to its very large refractive index (
3.4). For example, a silicon grism with 40 mm clear entrance aperture and a
46° wedge angle can provide= 10,000 — 100,000 in ~ 1-10n. The same

grating working in the immersed reflection mode can provide ~ three times
higher spectral resolution than in the transmission mode. To achieve a desired
spectral resolution for NGST, the spectrograph size and weight can be
significantly reduced if silicon gratings are used instead of conventional
gratings.

Introduction

The Next Generation Space Telescope (NGST) will open up a new frontier in
astronomy. It will provide a new understanding of early universe, galaxy
formation and evolution as well as nearby young star and planet formation and
evolution. To achieve the potential scientific goals of NGST, it requires not
only low dispersion spectroscopy, but also intermediate and high resolution
spectroscopy. The gain in signal-to-noise ratio of NGST is approaching a
factor of 1000 at spectral resolution rang&ef 5 — 10,000 over ground-

based 8 m telescopes for wavelengths longer thapn2 &illet & Mountain
1997). Even aR ~ 100,000, the gain of NGST is still approaching a factor of
100 over ground-based 8 m telescopes (Carr & Najita 1997). It is relatively
easy to achieve spectral resolution af B,000 with conventional gratings in
NGST spectroscopic instruments in the near and middle IR (&n)0

However, it starts to push the instrument design to accommBdag000

with conventional gratings since size and weight are the big factors for space
mission. New technology is required to increase the dispersion power of the
gratings used in the instrument without increasing the size of the instrument.



Immersion technology can help to improve grating dispersion power (e.g.
Dekker 1988). The gain of the spectral resolving power would be the largest
in the IR due to the availability of high-index materials such as Silicen (

3.4) and Germaniumm(= 4.0). These would be perfectly matched with the
NGST requirement for IR observations.

Silicon is of special interest because of its special crystal structure that allows
anisotropic etching by certain chemical reagents, e.g. KOH, to generate V-
shaped grooves on its surface to make a grating (Tsang & Wang 1975). Small
gratings with very coarse grooves have been made on silicon wafers by
several groups and have demonstrated good grating performance (Tsang &
Wang 1975;Wiedemann et al. 1993; Kuzmenko, Ciarlo & Stevens 1994,
Kuzmenko & Ciarlo 1998; Jaffe et al. 1998; Ge et al. 1999). However, no
successful results have been reported on etched gratings on thick silicon disks.
Because of the low transmission loss of the silicon material in the near and
mid-IR (1.2 — 10.Qum and 2Qum beyond) especially under cryogenic
temperatures (Collins & Fan 1954) , the etched silicon gratings can be
operated in immersed reflection mode to increase the spectral resolving power
by a factor of 3.4 over a conventional reflective grating of equal length.

The etched silicon gratings can not only be used in the immersion mode
(silicon immersion echelle) to increase the resolving power, but also be
operated in transmission mode (silicon grism) to increase the resolving power.
For instance, the silicon grism can increase the spectral resolution by a factor
of 6 over a grism made of Cagince the dispersion power of a grism is
proportional to §-1). Therefore, the increased spectral resolving power with
the silicon immersion echelle and grism are substantial; or the increased
compactness of IR spectroscopic instruments with silicon gratings are
significant at a given resolving power. Furthermore, very coarse grooves can
be easily made through chemical etching technique for complete wavelength
coverage on any focal plane array, while it is very challenging for traditional
mechanical ruling technique to make very coarse grooves.

World’s First Silicon Grisms

We just developed the world’s first silicon grisms in the state-of-the-art
microfabrication facility at LLNL under the support of lab directed research
and development funding in 1999. Figure 1 shows the silicon grisms with a
mounted one in the middle. The grisms havel0x16 etahed area and 46
wedge angles. The groove spacing is166 The detailed specifications of the
silicon grisms are listed in Table 1.



The surface quality and roughness of these grisms have been tested at LLNL
and show promising results. For example, the RMS wavefront error is 0.035
wave in reflection for the best silicon grism at 0.6828 corresponding to

Table 1. Specification of the silicon grism for the Lick 3m IRCAL camera

Material Silicon
Operating temp. ~ 80K
Grism wedge angle 46.1°
Groove frequency 15.2 g/mmn
Etched area 10x10 ntm
Entrance Clear aperture diameter 5 mm
Spectral resolution 5,500 at K
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Figure 1. World's first silicon grisms made at LLNL. The middle mounted has
been installed in the Lick 3m near-IR camera IRCAL for initial testing in the
end of October 1999.

0.027 wave in transmission at Jut (Figure 2). This RMS wavefront quality
will enable the grism to provide diffraction-limited spectral resolution in the
IR. The RMS surface roughness has also been measured, and is ~ 50 nm for
the best grisms. The corresponding diffuse scattering is estimated to be less
than 4% at K band for these silicon grisms with silicon nitride AR coatings.
The overall optical performance meets the design requirement for scientific
observations.

One of the silicon grisms has been installed in the Lick 3m near-IR camera
IRCAL and will be tested with starlight in the end of October 1999. With a 5
mm diameter pupil size of the IR camera, this grism will potentially provide R
= 5,500 with a 0.2slit in the K band. With a Cafgrism, fabricated by the



Hyperfine Inc., as the cross disperser, ~ 10 orders of spectrum, or the whole K
band, will be covered by the 256x256 HgCdTe array. Figure 3 shows the
expected spectral format in the IRCAL camera. Other silicon grisms with
silicon nitride AR coatings and different wedge angles along with the CaF
grism will be tested in the lab later this year. The lab measurements show that
the nitride coatings can provide an average of 97% transmission for the grism
in the K band, while bare silicon without coatings can only transmit 54% IR
light. The detailed testing results will be presented at a later meeting (Ge et al
2000).
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Figure 2. RMS wavefront error on the best silicon grism. It is measured in the
reflection at 0.6328 nm with a Zygo interferomter at LLNL.
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Figure 3. Spectral format of the silicon echelle grism mode in the IRCAL

camera aR = 5,500 in the K band. Cross-dispersion is provided by g CaF

grism. The dotted line box is the physical size of the 256x256 HgCdTe array.
Development of Large Silicon Gratings

We continue the development of etched silicon gratings at LLNL in FY0O0



with the goal to make a prototype silicon immersion echelle with etched area

of about 100x50 mfand blazed angle of 63.4in order to achieve this goal,

new equipment will be installed for reducing the roughness of the etched

grating facets. These new equipment include ultrasonic and endpoint detection
system. New techniques will be applied in the etching procedures to improve

surface quality of the etched gratings over large area and reduce overetching
and nonuniformity. These new techniques include new photoresist coatings
for thick, heavy silicon disks, endpoint detection, and selective etching.

Once the large silicon gratings can be developed, they can be potentially
implemented in NGST spectrographs and cameras to increase spectral
dispersion power within the fixed volume for these instruments. For example,
a silicon grism with ~60x40 miretched area and a 4#&edge angle will be

able to provide a diffraction-limited spectral resolution R ~ 40,000, 20,000,
and 10,000 at 2.fm, 5.0um and 10um, respectively. Higher resolution can

be achieved with a grism with a larger wedge angle, or camera pupil size
larger than 40 mm. The same silicon grating, working in the immersed
reflection mode for a NGST spectrograph, will be able to provide R ~
100,000, 50,000 and 25,000 for 2uB1, 5.0um and 10.Qum, respectively.

This new spectral resolution capability with the NGST can be achieved at the
cost of only the grating fabrication and implementation.
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